Cross-ventilation using rooftop wind-catchers is very complex as it is influenced by a wide range of interrelated factors including aerodynamic characteristics of the wind catcher, approach-flow conditions and building geometry. Earlier studies on wind-driven cross-ventilation in buildings have shown the significant impact of the geometry and position of openings on the flow and ventilation performance. However, this has not yet been investigated for cross-ventilation using wind catchers. This paper, therefore, presents a detailed evaluation of the impact of the outlet openings on the ventilation performance of a single-zone isolated building with a wind catcher. The evaluation is based on three ventilation performance indicators: (i) induced airflow rate, (ii) age of air, and (iii) air change efficiency. High-resolution coupled 3D steady RANS CFD simulations of cross-ventilation are performed for different sizes and types of outlet openings. The CFD simulations are validated based on wind-tunnel measurements. The results show that using outlet openings very close to the wind catcher will not increase the induced airflow, while it leads to a considerable reduction in the indoor air quality. A combination of onesided wind-catcher and window is superior, while the use of two-sided wind-catchers leads to the lowest indoor air quality and air change efficiency.
Introduction
Providing solutions for effective natural ventilation in buildings is a topic that receives increasing attention from building designers and the research community [1e3] . On the one hand, the fresh air supply from natural ventilation forms a sustainable alternative for more energy-intensive types of mechanical ventilation [4] . On the other hand, it can serve as a strategy for improving thermal comfort conditions by harnessing the ventilative cooling potential of air in the ambient environment [5] .
Wind catchers are vertical building-integrated structures that induce fresh air into indoor spaces by taking advantage of the pressure difference over the building and across the device openings. Depending on the number of its opening and variable wind flow field that surrounds the building, a wind catcher can act as either air supply or extract system [6] . In addition, the windinduced pressure differences can result in significant flow velocity, which enables the potential for energy harvesting [7, 8] .
Previous research has identified wind catchers as a highpotential technology for enabling natural ventilation in buildings [9e11] . An overview of the development of wind catchers is provided by Hughes et al. [12] , Saadatian et al. [13] , Jomehzadeh et al. [14] and Rezaeian et al. [15] . Even though the usefulness of wind catchers is known for a long time, the concept is now subject of renewed interest as an environmentally friendly solution for meeting the requirements of modern-day building design.
A detailed review of the literature indicates that several studies have been performed to analyze different aspects of crossventilation using wind catchers. The focus of these studies has been mainly on:
wind-catcher geometry, such as horizontal cross-section [9, 16] , number and type of openings on the tower of the wind catcher [17, 18] , the height of the tower [19] , and the design of components that control airflow [20, 21] ; wind-driven and buoyancy-driven ventilation assessment of ancient [22, 23] and commercial modern [24, 25] wind-catchers; the feasibility of integrating wind-catchers with other passive ventilation strategies such as dome roof and solar chimneys in buildings [26, 27] ; the feasibility of integrating evaporative cooling systems [28e33] and heat exchangers in wind catchers [34, 35] ; the capability of wind catchers in enhancing indoor and outdoor ventilation in urban areas [36, 37] .
As many studies have shown, computational fluid dynamics (CFD) can be a very valuable tool for analyzing the working principles of wind catchers. Table 1 summarized the results of a detailed review of the literature on CFD simulations of cross-ventilation using wind catchers. The table presents the type of wind catcher (number of openings on the tower), the turbulence modeling approach (RANS and LES), turbulence model implemented, the type of inlet velocity profile (uniform and atmospheric boundary layer (ABL)), whether validation was performed, the main objective of the study and ventilation performance indicator used. It can be seen that:
A vast majority of CFD studies focus on (i) geometrical characteristics of wind catchers, (ii) buoyancy-driven ventilation and (iii) the cooling performance of evaporative cooling systems and heat exchangers integrated into wind catchers. The impact of building geometry on the ventilation performance of wind catchers is limited to the roof geometry. Earlier research on wind-driven cross-ventilation in buildings has shown the significant importance of the size and position of the inlet and outlet openings on the characteristics of the flow inside the building, which can strongly influence the ventilation [46] in which the performance of RANS and LES for cross-ventilation in buildings considering the impact of building surroundings has been compared. Most of CFD studies have analyzed the ventilation performance of wind catcher by focusing on the induced airflow rate as the ventilation performance indicator, and disregard the indoor air quality inside the ventilated building. Both aspects, however, need to be taken into account simultaneously to assess the ventilation performance of wind catchers. Indoor air quality assessment is scarce and limited to the studies by Liu et al. [21] and Calautit et al. [47] . Many of these studies have been performed in a uniform approach-flow mean wind speed. However, a complete understanding of the ventilation performance of wind catchers can be achieved with incident atmospheric boundary layer flow profiles of mean wind speed, turbulent kinetic energy, and turbulence dissipation rate.
Therefore, this paper investigates the impact of outlet openings on basic flow characteristics of cross-ventilation using windcatchers integrated into a single-zone isolated building in a neutral atmospheric boundary layer (ABL). High-resolution coupled (outdoor wind flow and indoor airflow) 3D steady RANS CFD simulations of cross-ventilation are performed for 23 cases with different size and location of outlet openings. The evaluation is based on three ventilation performance indicators: (i) induced airflowrate, (ii) age of air, and (iii) air change efficiency. The CFD simulations are validated based on wind-tunnel measurements of mean surface static pressures and mean indoor air speed for a onesided wind-catcher by Montazeri and Azizian [6] . The results of this study can assist building engineers with integrating wind catchers in buildings, and allows product developers to make informed decisions about how wind catcher openings, building openings and other innovative components [48] should be applied to result in maximum performance of the wind catcher and indoor air quality. This paper contains six sections. In Section 2, the experiments by Montazeri and Azizian [6] and the validation study are briefly outlined. Section 3 describes the computational settings and parameters for the CFD simulations. Section 4 presents the CFD results. Finally, discussion (Section 5) and conclusions (Section 6) are provided.
CFD validation study

Description of the wind-tunnel measurements
Wind-tunnel measurements of surface static pressure and indoor air speed for a one-sided wind-catcher were conducted by Montazeri and Azizian [6] . The experiments were performed in an open-circuit wind-tunnel with uniform approach-flow conditions. The test section of the wind tunnel was 3.6 m long with a crosssection of 0.46 Â 0.46 m 2 . A 1:40 scale model of an ancient onesided wind-catcher was employed. The wind-catcher model was connected to the reduced-scale model of a single-zone building, which was positioned outside the test section to keep the blockage ratio about 5%. The building model had a window opening with a surface area equal to 110% of the one of the wind-catcher opening.
Upstream static and dynamic pressures were measured with a Pitot tube mounted 0.165 m upstream of the model and at the height of 0.12 m above the test-section floor. The upstream wind speed was 20 m/s, yielding a Reynolds number of 198,000 based on the wind-catcher height (H WT ¼ 0.145 m), which is well above the critical value of 11,000 that is often used to indicate Reynolds number independent flow [84] . At this wind speed, the pressure difference between a point inside the wind tunnel and its outer area was about 23 Pa. The measurements were performed for different approach flow wind directions (q WT ¼ 0e180 in 15 intervals).
Mean surface pressures were measured along three vertical lines on the three internal surfaces of the wind-catcher model. The measurement lines were positioned in the middle of the surfaces and 23 holes were drilled at equidistant points along them. In the remainder of this paper, we will refer to these vertical lines as edge lines and center line.
Several Pitot and static tubes were used to measure air speed inside the wind catcher. For q WT ¼ 0 e75 , twenty Pitot and five static tubes were installed vertically at the bottom of the model, while the tip of the tubes was positioned about 0.020 m (z/ H WT ¼ 0.14) above the building ceiling. For the wind directions between 75 and 180 , when the wind catcher acts as a suction device, ten Pitot and five static tubes were situated at the top of the model in a horizontal plane at z ¼ 0.065 m (z/H WT ¼ 0.45). The Bernoulli equation was used to determine the air speed at the position of each Pitot tube. Note that the tubes might experience incoming flows that were not parallel to their center lines, which could lead to errors in the measured data. Additional measurements were carried out by Montazeri and Azizian [6] to determine the yaw characteristics of the Pitot and static tubes. The results showed that the square-ended probes began to show errors near 18 of flow inclination. The uncertainty of the measured velocity using this method was within 10%.
CFD validation: computational domain and grid
A coupled indoor-outdoor computational domain is constructed at reduced scale with a high level of detail. The computational model consists of the wind-catcher model, the building model, and the wind-tunnel test section. The upstream and downstream domain lengths are 5H WT and 10H WT , respectively, based on the best practice guidelines by Franke et al. [85] and Tominaga et al. [86] . The computational grid is generated with the aid of the preprocessor Gambit 2.4.6, resulting in a hybrid grid with 7,265,421 cells (Fig. 1) . The grid only consists of prismatic and hexahedral cells. The grid resolution resulted from a gridsensitivity analysis, (not shown in this paper). Along the width and depth of the wind-catcher opening, 25 and 26 cells are used, respectively. A maximum stretching ratio of 1.2 controls the cells located in the immediate surroundings of the wind-catcher model. The minimum distance from the center point of the wall-adjacent cell to the wind-catcher walls is about 2 Â 10 À3 m. This corresponds to y* values between 35 and 92.
CFD validation: boundary conditions
A uniform mean wind speed profile is imposed at the inlet of the domain (U ∞ ¼ 20 m/s) and a turbulence intensity, I, of 3% is assumed for the inlet flow according to the measured data. The turbulent kinetic energy k is calculated from U ∞ and I using Eq. (1). The turbulence dissipation rate, ε, is given by Eq. 
The walls of the computational domain are modelled as no-slip walls with zero roughness height (k s ¼ 0). The standard wall functions [87] are applied. Zero static gauge pressure is applied at the outlet openings, i.e. the vertical plane downstream of the wind catcher and the window openingm.
CFD validation: solver settings
The commercial CFD code Fluent 12.1 is used to perform the simulations [88] . The 3D steady RANS equations are solved in combination with the realizable k-ε turbulence model by Shih et al. [89] . This is in line with the sensitivity analysis of the CFD results to the turbulence models performed by Montazeri et al. [42] . The sensitivity analysis was performed for six turbulence models: (1) the standard kÀε model (SkÀε) [79] ; (2) the realizable kÀε model (RkÀε) [89] ; (3) the renormalization Group kÀε model (RNG kÀε) [80, 81] ; (4) the standard kÀu model (SkÀu) [82] , (5) Shear-stress transport kÀu model (SSTkÀu) [90] and (6) the Reynolds Stress Model (RSM) [83] . Two approach-flow wind directions are considered: (i) q ¼ 0 (wind-catcher opening facing approach flow) and (ii) q ¼ 180 . The results show that of the six commonly used turbulence models, only the realizable k-ε model succeeds in reproducing both surface static pressure and indoor air speed at q ¼ 0 , while the standard k-ε and standard k-u clearly fail in doing so and show the least good performance. At q ¼ 180 , the general agreement with the measurements is good to very good for all turbulence models for the surface static pressure. None of the turbulence models, however, can accurately predict the mean indoor air speed.
The SIMPLE algorithm is used for pressure-velocity coupling, pressure interpolation is second order and second-order discretization schemes are used for both the convection terms and the viscous terms of the governing equations. Convergence is assumed to be obtained when all the scaled residuals leveled off and reached a minimum of 10 À6 for x, y momentum, 10 À5 for y momentum and 10 À4 for k, ε and continuity. The simulations are performed for the wind-catcher opening facing the approach flow, i.e. q WT ¼ 0 .
CFD validation: results
Fig. 2a and b compare the CFD results and the wind-tunnel results of pressure coefficient, C P , along the vertical lines. The pressure coefficients are computed as C P ¼ (P -P 0 )/(0.5rU ∞ 2 ) where P is the mean static pressure at the internal surfaces, P 0 the reference static pressure and r ¼ 1.225 kg/m 3 the air density. As the upstream static pressure was measured only in an empty wind-tunnel, in the present study, we used the CFD result of static pressure at the point where the Pitot tube for the reference static pressure was mounted in the experiment. This is in line with the results of the sensitivity analysis by Montazeri and Blocken [91] , for CFD validation studies in which the reference static pressure in the measurements is unknown. The results show that the vertical C P gradients (increase and decrease of C P along these vertical lines) are quite well reproduced. The general agreement between CFD results and windtunnel measurements is also good, especially for the points at the top and bottom of the wind catcher. For the points between z/ H WT ¼ 0.3 and 0.6, however, CFD tends to overestimate the C p values. For the center line (Fig. 2a) , the maximum absolute deviation from the measurements is about 0.06, which occurs near z/ H WT ¼ 0.4, while for the edge line (Fig. 2b) , this increases to about 0.11 for the point near z/H WT ¼ 0.5. Fig. 2c shows a comparison between the simulated and measured normalized air speed values at the position of the Pitot tubes in the measurements. The agreement between CFD and measurements is good, especially for the points with relatively high air speeds. The average deviation for all measurement points is about 7%, while the maximum deviation is about 21%.
CFD simulation
List of cases
In this study, the simulations are performed for a single-zone isolated building with an integrated one-sided wind-catcher. The building has dimensions width Â depth Â height 
Computational geometry and grid
A computational model is made of the building and the integrated one-sided wind-catcher in a way that makes it possible to create all outlet openings, presented in Section 3. resolution resulted from a grid-sensitivity analysis that will be presented in Section 4.1 and is shown in Fig. 8 . The minimum and maximum cell volumes in the domain are approximately 4.5 Â 10 À5 m 3 and 6.5 Â 10 1 m 3 , respectively. The distance from the center point of the wall adjacent cell to the wall, for the windward, leeward and roof of the building is 0.020 m, 0.020 m and 0.019 m, respectively. For the internal surfaces of the wind catcher and the building, this distance ranges from 0.020 m to 0.025 m. This is 0.016 m for the ground plane. This corresponds to y* values between 30 and 500. As standard wall functions are used in this study, these values ensure that the center point of the wall-adjacent cell is placed in the logarithmic layer.
Boundary conditions
At the inlet of the domain, neutral atmospheric boundary layer inflow profiles of mean wind speed U (m/s), turbulent kinetic energy k (m 2 /s 2 ) and turbulence dissipation rate ε (m 2 /s 3 ) are imposed [93] :
It is assumed that the building is situated on a large grasscovered terrain with an aerodynamic roughness length z 0 ¼ 0.03 m [94] with roughness modification by Cebeci and Bradshaw [95] are used. The values of the roughness parameters, i.e. the sand-grain roughness height k s (m) and the roughness constant C s , are determined using their consistency relationship with the aerodynamic roughness length z 0 derived by Blocken et al. [96] . For ANSYS/ Fluent 12.1, this relationship is:
Standard wall functions are also used at the building surfaces but with zero roughness height k s ¼ 0 (C s ¼ 0.5). Zero gauge static pressure is applied at the outlet plane. Symmetry conditions are applied at the top and lateral sides of the domain. The ambient temperature is assumed to be 20 C.
Solver settings
The solver settings are identical to those used in the validation study and reported in Section 2.4. Isothermal CFD simulations are performed with the 3D steady RANS equations and the realizable keε turbulence model for q ¼ 0 , i.e. the wind-catcher opening facing the approach flow. Convergence is assumed to be obtained when all the scaled residuals levelled off and reached a minimum of 10 À6 for x, y momentum, 10 À5 for z momentum and 10 À7 for k, ε and continuity. All simulations are performed on an 8-core workstation (Xeon E5 2630v4, 2.2 GHz) with 24 GB of system memory.
Results
The following items are investigated in detail for all 23 cases:
Basic flow characteristics (air speed and pressure coefficients) around and inside the building and the integrated wind-catcher. Indoor air quality using the concept of age of air introduced by Sandberg [97] . The age of the air in a space can be considered as a measure of the freshness of the environment and is defined as the time that has elapsed since the air entered the space through an opening [98] . In this study, the local mean age of air is estimated by solving a user-defined scalar (UDS) transport equation. The calculations are performed for the building volume (6 Â 8 Â 3 m 3 ), where the rest of the domain (including the wind catcher)
is deactivated. The diffusivity for the UDS transport equation is computed as (2.88 Â 10 À5 )r þ m eff /Sc t where r is the density of the air, m eff is the effective viscosity of the air, and Sc t is the turbulent Schmidt number. In the present study, Sc t ¼ 1.2. The boundary conditions for the UDS is set to 0 at the inlet and outlet openings of the building volume. Second-order discretization is used for the convection and diffusion terms of the scalar transport equation. The ventilation efficiency within the building is also investigated using the air change efficiency. The air change efficiency is a measure of how quickly the air in a room can be replaced with the fresh air compared to the shortest possible time it takes to replace the air with the same ventilation airflow in the room [99] . ε a ¼ minimum air change time actual air change time Â 100 (7) where ε a is the air change efficiency. The minimum air change time is the shortest time needed to replace the air in a room with a volume of V with a ventilation flow rate of Q, which occurs in (ideal) piston flow, i.e. V/Q [100] . The actual air change time is the actual time it takes to replace the air in the room. It has been shown that this is twice the mean age of air in the room.
Grid-sensitivity analysis
In this study, a grid-sensitivity analysis is carried out to reduce the discretization errors and the computational time. The analysis is performed for the reference building and is based on two Fig. 8 . The simulations on the coarse, basic (reference case) and fine grid require about 2, 3 and 5 CPU hours, respectively. The air velocity profiles along a vertical line and a horizontal line inside the building are compared in Fig. 9 for the three grids. The results show a limited dependence of the air velocity results on the grid resolution along the lines inside the building. Negligible grid-sensitivity is found for the other parts. In this case, the average deviation between the coarse and reference grid along the three lines is 1.7% while it is about 0.9% between the fine and reference grid. Therefore, the reference grid is retained for further analysis. area on this surface. The flow is subsequently bent downwards into the "tower" (channel) of the wind catcher where the maximum normalized wind speed reaches about V/U ref ¼ 0.8. The flow also separates at the lower edge of the opening. Consequently, a recirculation zone emerges inside the tower, which may negatively influence the ventilation performance of the system. As shown by Montazeri and Azizian [6] , reducing the size of this recirculation zone can significantly enhance the induced airflow rate. The jet is directed downwards immediately after passing through the tower and is decelerated until the opposite wall (floor) is reached where it impinges onto the floor. This leads to a considerable reduction in the jet momentum, but it still has sufficient force for the development of recirculation zones inside the building. The flow decelerates inside the building and accelerates again closer to the window. Fig. 10b shows the C p distribution in the center plane. The windcatcher opening experiences higher C p values compared to those inside the building and at the window surface. In this case, the areaweighted average of the pressure coefficient at the wind-catcher opening surface and the window surface is 0.60 and 0.05, respectively. The volume-weighted average of the pressure coefficient inside the building is 0.27. A relatively high-pressure zone can be clearly seen in the stagnation area underneath the ceiling of the wind catcher. The pressure reduces along the tower and reaches the C p value inside the building, where a relatively uniform distribution of C p can be observed. A small area with a higher level of C p can be seen underneath the wind catcher, where the jet impinges the floor.
Age of air and ventilation efficiency
The distributions of the local mean age of air across two horizontal planes, located 1.30 m and 0.65 m above the floor, and two vertical planes, located 3 m (center plane) and 1.5 m (y ¼ 1.50 m) from the sidewall of the building are shown in Fig. 11 . The lowest level of the local mean age of air is achieved on the center plane (y ¼ 0), where the flow is less affected by the recirculation zones inside the building. It should be noted that, unlike cross-ventilation configurations in which inlet and outlet openings are located on opposite building walls, in the present study a "stream tube" connecting the inlet and outlet is not formed [38] .
Impact of window sizes
4.3.1. Flow field Fig. 12 presents the distribution of the normalized wind speed and the pressure coefficient (C p ) in the center plane for three ratios of window opening (outlet) to wind-catcher opening (inlet): A outlet / A inlet ¼ 0.2, A outlet /A inlet ¼ 1.0 (reference case) and A outlet / A inlet ¼ 2.0. By enlarging the window, the local air speed values increase inside the wind catcher and the building space. Nevertheless, the flow pattern, except very close to the outlet, remains quite similar for all cases. In addition, it can be clearly observed that the internal static pressure decreases by increasing the window size (Fig. 12def) .
Profiles of the area-weighted average of the pressure coefficient at the wind-catcher opening, C p,WC , and at the window, C p,W , as a function of A outlet /A inlet are provided in Fig. 13a . Variations in the spatially averaged (volume-averaged) internal pressure coefficient, C p,i , as a function of A outlet /A inlet is also shown in Fig. 13b . It can be observed that C p,WC , C p,W and C p,i reduce monotonically by enlarging the window opening. The difference between C p,WC and C p,W (DC p,WC-W ) increases as the outlet-to-inlet ratio increases from 0.2 to 1. ratio. By enlarging the window, while the area of the wind-catcher opening (inlet) is constant, the induced airflow rate into the building increases. Note that the increase in the induced flow rate as a function of the unit window enlargement (Q/A outlet ) is reduced significantly by enlarging the window. For example, as the outletto-inlet ratio increases from 0.4 to 0.6 (25% enlargement), the induced flow rate rises by about 10.5%. This increment is, however, only 3.5% as the size of the outlet opening increases from 1.6 to 2.0 (25% enlargement). 
Age of air and ventilation efficiency
By enlarging the window opening, the local air speed inside the building increases (Fig. 12) . This results in lower values of the local mean age of air, though its distribution remains almost the same as that for the reference case (Fig. 11) . Table 3 presents the normalized airflow rate through the openings and the area-weighted average C p at the openings. The following observations can be made:
For cases with only one outlet opening (A outlet ¼ A inlet ), i.e. Case_O1, Case_O4 and Case_O7, the highest area-weighted average pressure difference between the inlet and outlet is achieved when a secondary wind-catcher is used back to back close to the main wind-catcher. Note that the flow in this region is dominated by the separation at the top and circulation in the wake of the wind-catcher. Consequently, the opening of the secondary wind-catcher experiences the lowest C p values compared to the other outlet openings. For Case_O7, for example, the C p difference between the inlet opening and the outlet opening (opening of the secondary wind-catcher) is about 21% higher than that for Case_O4. This is about 13% and 34% comparing to Case_O1 and the reference case (Fig. 13a) , respectively. For A outlet ¼ A inlet , the highest induced airflow rate is achieved for Case_O7 (two-sided wind-catcher). In this case, the induced airflow rate is the same as the reference case (Q/Q ref ¼ 100%). Q/Q ref ¼ 115%, 118%, 122%, 119% and 118% for Case_O2, Case_O5, Case_O8, Case_O10 and Case_W2 (Fig. 15) , respectively. For A outlet /A inlet ¼ 1.0, the best indoor air quality is achieved when a window is used (reference case). It is followed by the case with a ceiling opening (Case_O1) and a secondary windcatcher further apart from the main wind-catcher (Case_O4) with the air change efficiency of 98%. The use of a secondary wind-catcher next to the main wind-catcher leads to the highest values of the local mean age of air inside the building (Fig. 16) , resulting in the lowest values of the air change efficiency (ε a =ε a ref ¼ 72%). For a given value of A outlet /A inlet , using a secondary wind-catcher next to the main wind-catcher (two-sided wind-catcher) leads to the highest values of the local mean age of air inside the building (Fig. 16 ) and lowest air change efficiency values (Fig. 17) . This is mainly because of the short-circuiting between the openings, as both inlet and outlet openings are located above the occupied space [99] and very close to each other. It should be noted that this phenomenon occurs when the air enters through supply openings and leaves through another without passing the occupied zone. This is an important observation, especially in view of the indoor air quality provided by modern commercial wind-catchers as they are usually fixed omnidirectional devices that are open at the top on four sides. In this case, the openings are very close to each other, which can increase the short-circuiting leading to a significant reduction in the indoor air quality.
Discussion
The results show that using two openings very close to each other (two-sided wind-catcher, for example) will not increase the induced airflow. In addition, it leads to a considerable reduction in the indoor air quality inside the building. The negative impact of short-circuiting is expected to play an important role for multiopening wind-catchers in which the openings are located very close to each other. Such analysis, therefore, is crucial for this type of wind catchers that have received much attention from building designers and the research community.
In this study, a low-rise single-zone building is considered where the jet can reach the floor. Further investigations need to be performed for taller buildings where the jet is expected to dissolve before it reaches the floor.
In a one-sided wind-catcher, the induced air stream normally enters the indoor space through an opening in the ceiling as a relatively high momentum air jet. This is comparable to the impinging jet ventilation (IJV), in which an air jet is discharged downwards at a relatively lower level. It was shown that this is more efficient than a displacement ventilation system [101] . Further research is needed to investigate the possibility of using wind catchers as an IJV system. In this case, "draught" should be taken into account as the high air speed might occur in the occupied zone, especially underneath the wind-catcher opening.
In this study, the simulations are performed for only one approaching wind direction q ¼ 0 (wind-catcher opening facing the approach flow). Further research needs to be performed to assess the ventilation performance of one-sided wind-catchers for different approaching wind directions. Earlier research has shown that the pressure difference causes a one-sided wind-catcher to perform as a suction system and retain some of its ventilation performance at different wind directions. The orifice equation is commonly used for cross-ventilation analysis. The accuracy of the approach needs to be evaluated for rooftop wind-catchers, where the flow inside the building is very complex. Note that it was shown that for "long" openings such as wind catchers the still-air discharge coefficients depends on Reynolds number [99] .
Conclusions
This paper presents a detailed evaluation of the impact of outlet openings on basic flow characteristics of cross-ventilation using wind-catchers integrated into a single-zone isolated building. The concept of age of air introduced by Sandberg [97] is used to assess the indoor air quality. High-resolution coupled (outdoor wind flow and indoor airflow) 3D steady RANS CFD simulations of crossventilation are performed for 23 building models with different size and position of the outlet openings. The simulations are performed for wind direction perpendicular to the wind-catcher opening (q ¼ 0 ). The evaluation is based on validation with wind-tunnel measurements of mean surface static pressures and mean indoor air speed for a one-sided wind-catcher. The following conclusions can be drawn: a) Impact of window size:
For a given size of the wind catcher opening, the size of the window can significantly influence the induced airflow rate into the building. By enlarging the window (outlet opening), while the area of the wind-catcher opening (inlet opening) is constant, the induced airflow rate into the buildings increases monotonically. This increase is more pronounced for cases with A outlet < A inlet . The increase in the induced flow rate as a function of the unit window enlargement (Q/A outlet ) is reduced significantly by enlarging the window. Therefore, in case of using a window in combination with a one-sided wind-catcher, enlarging the window more than A outlet / A inlet ¼ 1.0 cannot be considered as a beneficial way to increase the induced airflow rate by the wind catcher. The size of the window, placed on the leeward wall of the building, has a negligible impact on the air change efficiency, i.e. indoor air quality. b) Impact of different types of outlet openings:
For A outlet /A ref ¼ 1.0, the highest induced airflow rate is achieved for the reference case, when a window is used in the middle of the leeward façade and for the case in which a secondary wind-catcher is placed back to back next to the main wind-catcher (two-sided wind-catcher). For cases with outlet surface areas larger than the surface area of the inlet opening, the induced airflow is relatively insensitive to the type of outlet openings. By increasing the surface area of outlet openings, regardless of their positions, the induced airflow rate and the air change efficiency increase. For a given value of A outlet /A inlet , using a secondary windcatcher back to back next to the main wind-catcher (twosided wind-catcher) leads to the highest local mean age of air values inside the building resulting in the lowest air change efficiency. It can be concluded that the combination one-sided windcatcher and window, which is positioned on the leeward wall of the building, is superior over the other outlet openings tested in this study in terms of induced airflow rate and indoor air quality.
